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3Cosmogenic He Measurements Provide Insight into Lithologic
Controls on Bedrock Channel Incision: Examples from the
South African Interior
A. Keen-Zebert,1,2,* S. Tooth,2 and F. M. Stuart3
1. Division of Earth and Ecosystem Sciences, Desert Research Institute, Reno, Nevada 89512, USA; 2. Department of
Geography and Earth Sciences, Aberystwyth University, Aberystwyth SY23 3DB, United Kingdom; 3. Isotope
Geosciences Unit, Scottish Universities Environmental Research Centre, Rankine Avenue, Scottish
Enterprise Technology Park, East Kilbride G75 0QF, United KingdomAB STRACT
Resistant bedrock outcrops can exert control on river long-profile adjustment, upstream transmission of base level
fall, and valley development, particularly in postorogenic settings. To examine how variation in lithologic resistance
impacts landscape development in the postorogenic eastern South African interior, cosmogenic 3He in pyroxene from
Karoo dolerite was measured in samples from valleys of the Klip and Mooi Rivers and the Schoonspruit. The de-
nudation rates measured from cosmogenic 3He in the Klip and Mooi Rivers and the Schoonspruit are widely variable,
with channel bed denudation rates ranging from 14 to 255 m/m.yr. and valley side and top denudation rates ranging
from 11 to 50 m/m.yr. Various processes of channel bed erosion occurring at grain to block scales (abrasion, plucking,
subaerial weathering) result in the widely ranging channel bed incision rates. In this setting, river incision rates are
restricted by moderate unit stream powers (∼20 to 150 W/m2) and by limited sediment supply, resulting in a lack of
abrasive tools. In many dolerite valleys, channel bed incision is commonly slow enough for local base levels to remain
essentially stable for extended periods of time (110 k.yr.). These results suggest that in the postorogenic eastern South
African interior, resistant dolerite in channel long profiles can result in spatially variable rates of channel bed inci-
sion, with implications for the patterns and tempo of wider landscape dynamics.Introduction
The influence of lithology on the nature and rates
of fluvial processes is a key issue in landscape
evolution studies owing to the importance of bed-
rock channel incision in setting the pace of land-
scape erosion (e.g., Howard et al. 1994; Whipple
and Tucker 1999; Whipple et al. 2000; Wohl and
Merritt 2001; Whipple 2004). The upstream prop-
agation of base level fall in incising bedrock rivers
is influenced by variable lithologic resistance to
erosion, resulting in changing channel bed inci-
sion rates through space and time (Crickmay 1975;
Twidale 1976, 1991, 1998; Bishop and Goldrick
2010; Jansen et al. 2010; Römer 2010; Adams 2012;
Miller et al. 2013). This can result in spatially and
temporally varying rates of sediment productionManuscript received October 27, 2014; accepted December 21,
2015; electronically published April 25, 2016.
* Author for correspondence; e-mail: akz@dri.edu.
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This content downloaded from 144.
All use subject to University of Chicago Press Termand storage in catchments (Keen-Zebert et al.
2013) that may, at continental scales, influence
rates of sediment delivery to deltaic and offshore
environments.
Cosmogenic nuclides are widely used to con-
strain bedrock channel incision rates across multi-
millennial time scales, particularly where strath
terraces and other geomorphic features provide
clear markers of incision (e.g., Burbank et al. 1996,
2003; Hancock et al. 1998; Leland et al. 1998; Pratt
et al. 2002; Bierman et al. 2004; Reusser et al. 2006;
Seong et al. 2008). In the absence of tectonic or
climatic drivers, the rates and processes of incision
in bedrock channels are less well understood. In
tectonically stable dryland settings, channel bed
incision can be very slow (!10 m/m.yr.) and only
slightly above background subaerial denudation
rates over long time periods (e.g., Jansen 2006),
which may result in little change in catchment3–434] q 2016 by The University of Chicago.
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424 A . K E EN - Z E B E R T E T A L .relief over time. However, at the landscape scale,
spatial variation in erosional resistance can lead to
the development of topography, even in the ab-
sence of uplift or climate change (e.g., Bishop and
Brown 1992; Matmon et al. 2003; Jansen et al.
2010; Miller et al. 2013; Scharf et al. 2013; Bierman
et al. 2014).
Although South Africa experienced tectonic ac-
tivity following Gondwana breakup, it has been
relatively stable throughout the Quaternary, albeit
with some localized neotectonic activity (Andreoli
et al. 1996; Bierman et al. 2014). Whereas the driver
of post-Gondwana landscape development is con-
tested, previous work suggests that one or more
pre-Quaternary phases of epeirogenic uplift of the
southern African subcontinent resulted in wide-
spread river incision and backwearing or down-
wearing of slopes (Wellington 1955; King 1963;
Partridge and Maud 1987; Gilchrist and Summer-
field 1990, 1991; Gilchrist et al. 1994; Burke 1996;
de Wit 1999, 2007; Moore 1999). Substantial thick-
nesses (1–2 km) of the Karoo Supergroup were eroded
from across the interior (Hawthorne 1975; Partridge
andMaud 1987; Gilchrist et al. 1994), and rivers haveThis content downloaded from 144.1
All use subject to University of Chicago Press Termsbeen superimposed onto varied lithologies with sub-
stantial variation in resistance (Tooth et al. 2002,
2004).
To contribute to understanding how resistant
lithologies affect bedrock channel incision rates
and landscape development, cosmogenic 3He in
pyroxene from Karoo Supergroup dolerite (diabase)
was measured from three river valleys in the
eastern South African interior. Unlike the more
commonly used cosmogenic nuclides (10Be and
26Al), 3He is routinely measured in mafic min-
erals (e.g., Kurz 1986; Cerling et al. 1994, 1999;
Margerison et al. 2005; Evenstar et al. 2009) and
can be used where felsic minerals are not abun-
dant. The results are used to assess the implica-
tions of bedrock channel incision across lithologies
with variable resistance in this tectonically stable
dryland setting. Results are also compared with
dolerite denudation rates measured elsewhere
in South Africa (e.g., Kounov et al. 2007, 2009;
Decker et al. 2011, 2013) and are discussed in the
context of river incision and landscape evolution
in postorogenic settings worldwide.Regional Setting
Late Carboniferous to mid-Jurassic Karoo Super-
group lithologies crop out over approximately two-
thirds of South Africa (Vorster 2003). Around the
time of the Gondwana breakup, the predominantly
marine and continental sedimentary successions
of the Karoo Supergroup were extensively intruded
by resistant dolerite sills and dikes (fig. 1) that
formed feeders for widespread continental-scale
flood basalts (Smith et al. 1993; Encarnación et al.
1996; Duncan et al. 1997; Jourdan et al. 2007;
Svensen et al. 2007). The resistant dolerite sills and
dikes now form topographic highs across much of
the eastern, southern, and central interior (fig. 1)
and are recognized as a key control in landscape
development owing to their influence on regional
drainage patterns, knickpoint retreat, and flood-
plain wetland distributions (e.g., Wellington 1955;
King 1963; Tooth et al. 2002, 2004, 2013; WalcottFigure 1. Map of South Africa showing the approxi-
mate limits of the main area of dolerite outcrop (sim-
plified after Vorster 2003 and Decker et al. 2013) and the
location of the three study reaches.Table 1. Summary of Valley and Channel CharacteristicsRiver system
Drainage area to the end of
the study reach (km2) Slope
Unit stream power
(W/m2)24.041.035 on June 16, 20
 and Conditions (http://wwChannel width-to-
depth ratio16 01:39:35 AM
w.journals.uchicago.edu/t-andValley
depth (m)Klip River 1140a 1.003a 145a 20 6–15
Schoonspruit 325a 1.002a 120a 7 4–25
Mooi River 118b 1.003b 150b 27 2–25
a Data reported by Tooth et al. 2004.
b Data reported by Grenfell et al. 2008.-c).
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fig. 2).
The Klip and Mooi Rivers and the Schoonspruit
(fig. 1) are incised into the broad interior plateau
of eastern South Africa and are subject to broadly
similar climatic and hydrological conditions (table 1).
The modern climate is subhumid with warm, wet
summers and cool, dry winters. Mean annual rain-
fall in the catchment headwaters reaches a maxi-
mum of ∼1200 mm and is exceeded by an annual
potential evaporation of ∼1400–2000 mm (Midgley
et al. 1994; Schulze 1997). Limited river gauge data
show that discharge regimes are strongly seasonal,
with summer peak flows and winter low flows,
and stream powers range from ∼20 to 150 W/m2
(table 1).
The study reaches are characterized by transi-
tions from unconfined channels that migrate across
wide floodplains underlain by relatively weak sand-
stones and mudstones to straighter, steeper, con-
fined downstream reaches that are incised into
more resistant dolerite (figs. 3, 4). In these con-This content downloaded from 144.
All use subject to University of Chicago Press Termfined reaches, the study rivers have different de-
grees of floodplain development, and bedrock val-
ley depth varies from 2 to 25 m (table 1). Although
the study rivers have different reach-scale geo-
morphology, the channel beds are generally char-
acterized by dolerite bedrock that is orthogonally
jointed, with joint spacing ranging from ∼0.5 to
1 m in the horizontal plane and from ∼0.2 to 0.5 m
in the vertical plane. Locally plucked boulders
separate pools in some reaches, but the mobile
sediment load is negligible, with few cobbles and
only minor granule-pebble gravel and sand bars
present locally (fig. 5A). Following floods, stage
falls rapidly, so large parts of the channel beds are
dry for extended periods of time and are subaerially
exposed.Methods
Field Sampling Procedures. Samples were col-
lected from the upstream ends of dolerite reaches
that act as local base levels for upstream sandstone/Figure 2. Schematic diagram illustrating the typical pattern of an unconfined, low-gradient reach on sedimentary
rocks upstream of a confined, steeper reach developed in a dolerite sill or dike. A sinuous channel flanked by extensive
floodplain wetlands changes downstream to a straighter channel with a narrow floodplain. Over time, bedrock channel
incision in the confined reach may lead to partial incision (illustrated in the lower diagram) or complete incision
through the sill or dike that promotes migration of a distinct knickpoint or a more diffuse knickzone into the upstream
unconfined reach. As a result, the channel in the unconfined reach incises and straightens, and floodplain wetlands
become decoupled from the channel, leading to desiccation and large gullies. Inset floodplains (gray shading) may form
at a lower topographic level (after Tooth et al. 2004 and Keen-Zebert et al. 2013).124.041.035 on June 16, 2016 01:39:35 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
426 A . K E EN - Z E B E R T E T A L .mudstone reaches that support floodplain wetlands
(figs. 2, 3; Tooth et al. 2002, 2004; Keen-Zebert et al.
2013). On the Klip River and the Schoonspruit,
two samples were collected from the channel beds
(figs. 3–5; see fig. 5A and 5C for examples of sample
collection sites). On the Mooi River, nine samples
were collected from the channel bed from three
valley cross sections along a prominent knickzone
(figs. 3–5). Channel bed samples were collected from
dolerite outcrop 0.3–2.0 m above low-water level. On
the Klip and the Schoonspruit, one sample was col-
lected from the valley sides (fig. 3A, 3C). A valley
side sample could not be collected from the Mooi
owing to lack of suitable exposure. In each study
reach, one sample was also collected from a valley
top location (figs. 3, 4; see fig. 5B and 5D for
examples of sample collection sites). Shielded sam-
ples were collected at least 10 m below the surfaceThis content downloaded from 144.1
All use subject to University of Chicago Press Termsfrom two quarries near the study reaches to quan-
tify noncosmogenic 3He, which can be produced via
(n, a) reactions with 6Li and magmatic 3He trapped
in melt inclusions (Niedermann 2002).
Samples were collected using a sledgehammer
and chisel by exploiting natural joints and cracks.
Sample locations and elevations were recorded
by differential GPS survey (table 2). Topographic
shielding was measured in the field, and all shielding
factors were !0.993. Because samples were collected
from elevated parts of the channel beds that do not
retain water after floods (fig. 5A, 5C), in the subse-
quent analyses no correction for water shielding was
made (Hancock et al. 1998; Reusser et al. 2006).
Sediment accumulation in the channel bed is lim-
ited at the upstream ends of the dolerite reaches
where the samples were collected (fig. 5A–5C), so no
correction for shielding by bed sediment was made.Figure 3. Geomorphological maps of the study reaches: A, Klip River; B, Mooi River; C, Schoonspruit. Insets show
the locations of the samples collected for 3He cosmogenic radionuclide analysis (see table 2 for sample site details).
The rivers are all characterized by unconfined reaches with sinuous channels formed on erodible sandstones and
mudstones that change downstream to confined reaches with straighter channels incised ∼2–25 m into dolerite.24.041.035 on June 16, 2016 01:39:35 AM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
Journal of Geology 427CO SMOG EN I C 3 H E M E A SU R EM ENT S AND L I T HO LOG I C CONTRO L SLaboratory Procedures and Analyses. The upper
3 cm of each sample was crushed and pyroxene
was isolated from the 125–250-mm-sized fraction
using a Frantz isodynamic magnetic separator.
The pyroxene was then ultrasonically cleaned in
20% HNO3 and distilled water, and pure pyroxene
was picked under a binocular microscope. Altered
grains and those with adhering plagioclase or iron
oxide tarnish were removed, and the pure separate
was cleaned in deionized water and then in analar
acetone. Each sample was melted during a 10-min
heating period using an 808-nm diode laser (Foeken
et al. 2006). Reheating after the initial melt step
yielded no significant 3He. Gas cleanup proceduresThis content downloaded from 144.
All use subject to University of Chicago Press Termand mass spectrometric techniques for helium
isotope ratio determination were similar to those
reported by Williams et al. (2005) and Margerison
et al. (2005). Blank levels were governed by the
helium background in the mass spectrometer and
average 5# 103 and 5# 108 atoms of 3He and 4He,
respectively. The uncertainty (530%) in the blank
was incorporated into the calculated He concen-
trations. Blank corrections for 3He and 4He were
minimal. The low 3He of the Schoonspruit bed-
rock channel samples required a blank correction
of 10%–20%. The reproducibility of standard He
abundance determinations was 1% for 3He and
0.5% for 4He. The composition of the pyroxenesFigure 4. Long profiles for the study reaches: A, Klip River; B, Mooi River; C, Schoonspruit. Thalwegs and other
landscape features were surveyed using differential GPS, and the locations of samples for cosmogenic 3He mea-
surements are indicated.124.041.035 on June 16, 2016 01:39:35 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
428 A . K E EN - Z E B E R T E T A L .was determined using an electron microprobe at
the University of Kentucky.
The concentration of cosmogenic 3He in each
exposed sample was calculated by subtracting
the average of the concentration of 3He in the
shielded samples. In all but one case, cosmogenic
3He greatly exceeds the concentration of inherited
3He, demonstrating that exposure-generated He
dominates the budget and can be used to quantify
the rate of earth surface processes for the samplesThis content downloaded from 144.1
All use subject to University of Chicago Press Terms(table 2). Steady-state denudation rates (table 2)
were calculated for a rock density of 3.05 g/cm3
and an attenuation length of 150 g/cm (Gosse and
Phillips 2001). Cosmogenic 3He production rates
in the pyroxene were calculated using the mean
global olivine-based production rate (Goehring
et al. 2010) scaled for the chemical composition
of the pyroxenes using the elemental production
rates of Masarik and Reedy (1995) and were scaled
for latitude and altitude using the factors of DunaiFigure 5. Photographs of the three study reaches illustrating typical characteristics of dolerite outcrop on channel
beds, valley sides, and valley tops and examples of sample locations. In all three study reaches, the channel bed is
largely devoid of sediment and is characterized by dolerite with horizontal and vertical joint spacing typically 0.2–
1.0 m. Where present, channel bed sediment typically consists of !0.3-m-thick deposits of mud, sand, and granule to
pebble gravel and/or locally plucked dolerite cobbles and boulders. The valley sides are low to steeply sloping, and the
valley tops are of low relief. Valley sides and valley tops have very thin, discontinuous soil !0.5 m thick, and dolerite
crops out extensively. A, Downstream view of the Klip River showing in situ fractured bedrock on the channel bed.
B, Upstream view of the Mooi River showing the knickzone leading to a knickpoint, an incised valley downstream,
and the low-relief valley top. The small knickpoint in the near foreground has formed where the channel has incised
through the resistant dolerite and into the underlying weaker sandstone and mudstone (contact is indicated). C, Up-
stream view of the Schoonspruit showing plucked blocks on the channel bed and some large blocks remaining in situ.
D, Downstream view of the Schoonspruit illustrating at least 25 m of incision into the dolerite sill. A color version of
this figure is available online.24.041.035 on June 16, 2016 01:39:35 AM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
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430 A . K E EN - Z E B E R T E T A L .(2001) to enable direct comparison with previous
measurements of 3He in South African dolerite
(Decker et al. 2011, 2013).Results
The denudation rates measured from cosmogenic
3He in the Klip and Mooi Rivers and the Schoon-
spruit are widely variable, with channel bed de-
nudation rates ranging from 14 to 255 m/m.yr. and
valley side and top denudation rates ranging from
11 to 50 m/m.yr. (table 2). Incision rates are fastest
on the Schoonspruit and slower on the Klip and
Mooi Rivers, but on the latter they tend to increase
downstream through the knickzone from cross
section 1 to cross section 3 (table 2). Results from
discriminant and multivariate analyses to define
groups within the data set yielded low confidence
for multiple groups of denudation rates based on
position (valley top, valley side, or channel bed).
Because the proportion of correctly classified ob-
servations by the discriminant analysis was !0.5,
we consider the measured denudation rates as
a single population regardless of position in the
landscape. The arithmetic mean is 45 m/m.yr.
including outliers and is 28 m/m.yr. excluding
outliers; the median is 27 m/m.yr., and the stan-
dard deviation is 56 m/m.yr. Two outliers (995 38
and 255 5 96 m/m.yr.) lie outside the 95% confi-
dence interval, which ranges from 17 to 74 m/
m.yr. Both of the outliers are for channel bed
samples on the Schoonspruit (table 2).Interpretation and Discussion
Various processes of channel bed erosion occurring
at grain to block scales result in the wide range
in channel bed denudation rates observed in the
study reaches (table 2). Field observations indicate
that channel bed incision occurs primarily through
plucking of joint-bounded blocks (block plucking),
which are ∼0.05–0.5 m3 (fig. 5A, 5C). Potholing
also contributes to channel bed incision but ap-
pears to be widespread only on the Mooi River at
the downstream end of the knickzone. Channel
bed surfaces lack evidence of widespread polishing,
fluting, or scalloping, suggesting either that abra-
sion is a minor contributor to channel bed erosion
or that subaerial weathering and erosion between
floods removes these features. Stage falls rapidly
after floods, leaving large parts of the channel
bed exposed to subaerial weathering processes. In
the subhumid, seasonally dry climate, moisture is
limited on the elevated parts of the channel bed
where samples were collected, and although mostThis content downloaded from 144.1
All use subject to University of Chicago Press Termschannel bed samples had well-developed iron or
manganese oxide coatings, weathering rinds were
very thin (!1 mm). Adjacent to the channel beds,
weathering and mass loss on valley sides and tops
may also result from range fires that are set an-
nually as a pasture management practice to ini-
tiate the early growth of grasses (Govender et al.
2006). Following a range fire downstream of the
Klip River study reach in 2008, field observations
of freshly exposed dolerite surfaces adjacent to
blackened outer surfaces suggest that some spalling
occurs during fires, similar to observations in other
studies (Bierman and Gillespie 1991; Zimmerman
et al. 1994). On channel beds, valley sides, and val-
ley tops, granular disintegration, spalling, spheroi-
dal exfoliation, and pitting are readily apparent
along the edges and corners of higher joint-bounded
blocks, particularly where neighboring blocks have
been removed.
In summary, these field observations show that
mass is shed from the dolerite at grain to 0.5-m-
thick block scales, episodically exposing under-
lying rock with lower concentrations of cosmo-
genic nuclides, so that samples from adjacent and
otherwise similar-looking outcrops may have sig-
nificantly different cosmogenic nuclide concentra-
tions. The lowest denudation rates on the channel
beds (14–15 m/m.yr.) likely represent grain-scale
processes on blocks that are still attached to the
bedrock. The highest denudation rates (99 5 38
and 255 5 96 m/m.yr.) likely represent sites
where an overlying block was very recently re-
moved. Owing to the varied scales of mass loss
from the dolerite and the intermittent nature of
the processes contributing to incision in the study
reaches, a representative channel incision rate is
likely to lie somewhere between the highest and
lowest values, similar to studies of denudation on
granitic inselbergs (Bierman and Caffee 2002) and
other bedrock exposures (Nishiizumi et al. 1993).
This study complements and extends previous
cosmogenic-derived denudation rates that were
measured on dolerite outcrop on high interfluve
surfaces and interpreted as climatically deter-
mined background subaerial denudation rates (e.g.,
Kounov et al. 2007, 2009; Decker et al. 2011, 2013).
For example, based on 22 samples collected from
dolerite outcrop on escarpments, high pavements,
and the tops of inselbergs across the arid south-
western to more humid eastern parts of southern
South Africa, denudation rates are typically !3.5 m/
m.yr., although a few outliers with rates up to ∼9 m/
m.yr. were interpreted as reflecting episodic mass
loss from surfaces, such as by exfoliation (Decker
et al. 2013). The results of this study show that24.041.035 on June 16, 2016 01:39:35 AM
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Journal of Geology 431CO SMOG EN I C 3 H E M E A SU R EM ENT S AND L I T HO LOG I C CONTRO L Sdenudation rates in the immediate vicinity of river
valleys tend to be higher; in particular, the rates on
channel beds in our study reaches reflect the influ-
ence of both fluvial processes during floods (e.g.,
plucking, abrasion) and subaerial weathering pro-
cesses in the intervals between floods (e.g., granular
disintegration, spalling). Defining such channel bed
denudation rates is important because dolerite out-
crop is widespread across South Africa (fig. 1), and
the sills and dikes are important controls on land-
scape development, particularly through their in-
fluence on fluvial processes (fig. 2).
The results of this study also support and ex-
tend findings from other postorogenic dryland
landscapes, particularly by exemplifying a com-
mon scenario whereby lithologies with variable
resistance are exposed at the land surface during
denudation. In the study reaches, fluvial processes
have carved valleys into the dolerite sills and
dikes, but like the situation in inland southeast
Australia, where rivers are eroding resistant valley-
filling basalt flows (Bishop and Goldrick 2010),
incision rates are restricted by moderate stream
powers and by limited sediment supply, which
means a lack of abrasive tools. In many dolerite
valleys, channel bed incision is slow enough for
local base levels to remain essentially stable for
extended periods of time. For example, in the study
area optically stimulated luminescence ages sug-
gest widespread preservation of floodplain sedi-
ment 130 ka in the upstream unconfined reach
of the Klip River and abundant late Pleistocene/
Holocene floodplain sediment in the unconfined
reaches of the Mooi River and the Schoonspruit
(Tooth et al. 2007, 2009; Keen-Zebert et al. 2013).
As posited in other studies (e.g., Crickmay 1975;
Twidale 1976, 1991, 1998; Bishop and Goldrick
2010; Jansen et al. 2010; Römer 2010; Adams
2012), bedrock channels and hillslopes upstream
of stable base levels or slowly retreating knick-
points become detached from base-level changesThis content downloaded from 144.
All use subject to University of Chicago Press Termdownstream, leading to spatially unequal geomor-
phological activity. In situations where resistant
lithologies are widely distributed through a catch-
ment (e.g., sills and dikes, multiple valley-filling
basalt flows), catchments may become partitioned,
with individual river reaches being adjusted to dif-
ferent local base levels. This partitioning of catch-
ments by lithologic resistance can result in spa-
tially variable rates of landscape evolution that
can lead to net increases in catchment relief (e.g.,
Miller et al. 2013). Similar to investigations of
river incision in some other postorogenic dry-
land landscapes, the results from the eastern South
African interior demonstrate that resistant lithol-
ogies in channel long profiles can play a critical
role in fluvial landscape dynamics.ACKNOW L EDGMENT S
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